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ABSTRACT
The dissertation is focused on understanding the growth, morphology and activity
of model heterogeneous catalytic surfaces. Vapor deposited metal clusters on single crystal
surfaces are well-defined systems that can be used to understand the growth, composition
and activity relationships in commercial catalysts. A fundamental understanding of surface
reactions is required in order to provide insight into the development of new catalytic
materials. The model catalysts approach allows for systematic investigations due to
excellent control over growth, composition and characterization under a carefully
controlled ultrahigh vacuum (UHV) environment.
The nucleation, growth and chemical activity of monometallic and bimetallic PtRe clusters on highly oriented pyrolytic graphite (HOPG) were investigated in comparison
to clusters supported on TiO2(110) and Pt(111) single crystal in order to understand the
role of support on the activity for the water gas shift (WGS) reaction. And studies were
also addressed how activity is influenced by cluster sizes, interactions with the support and
surface compositions of the bimetallic clusters. For the WGS reaction, bimetallic clusters
consisting of a Re core and Pt shell, have higher WGS activity than turnover frequency
(TOF) of pure Pt. Enhanced WGS activity is reported on the TiO2(110) support suggesting
that the support promotes WGS activity.
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The limited nature of fossil fuel resources has led to the pursuit of renewable energy
sources for the sustainable production of fuels and fine chemicals. Catalytic processes are
needed for transforming biomass derived materials into commodity chemicals where
furfural to furfuryl alcohol is an important process. It is a challenging task to selectively
hydrogenate C=O to the unsaturated alcohol due to the presence of two different types of
unsaturated chemical bonds (C=C and C=O) in the aldehyde. The supported Pt-Sn catalytic
system has attracted particular attention due to its preferential activation of the C=O bond
in unsaturated aldehydes to improve selectivity to unsaturated alcohols. The nucleation,
growth and surface composition of Pt-Sn clusters grown on TiO2(110) and Sn/Pt(111)
surfaces were studied using surface analysis techniques such as scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS), low energy ion scattering
(LEIS) and low energy electron diffraction (LEED).
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CHAPTER 1
INTRODUCTION
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1.1 AN OVERVIEW OF CATALYSIS
The control over chemical reactions has been of great interest since early times.
The emergence of catalysis brought about a revolution of the global economy, facilitating
industrial processes of chemical production. It has been estimated that 90% of all chemical
processes involve catalysts at some point during the production process.1 Supported metal
catalysts are among the most important materials in heterogeneous catalysis,2–6 where the
catalyst and the reactants are in different physical states in which small metal particles are
dispersed on the surface of a porous oxide. 7,8 Activity, selectivity, and stability of
heterogeneous catalysts play an important role on their effectiveness and consequently, all
depend on their mechanism of action and the exposed surface area to the reaction mixture.
Thus, it is of fundamental importance to understand the chemical nature behind the high
catalytic activity in order to fine tune their effectiveness for the guidance to design better
catalysts for industry.
Catalysts with higher activity, better selectivity, and longer catalytic stability are
always desired. Bimetallic catalysts have become an area of great interest due to the
combined effects of two metals to achieve the desired behavior. The addition of another
metal onto the supported metal cluster has shown distinctive properties that lead to superior
catalytic properties from their monometallic counterparts due to their bimetallic effects. 9,10
The addition of a second metal can effect a catalyst in three different ways namely,
increasing the catalytic activity, improving selectivity and catalytic stability. 9,11 These
promotional effects can be explained by five different phenomena: geometric (or ensemble)
effects alter the geometry at the active site of the catalyst; electronic (or ligand) effects alter
electronic properties at the active site by electron transfer between metals. 11 Addition of a
2

second metal can also improve the stability of the active metal by inhibiting processes such
as sintering and carbon fouling, due to stabilizing effects.11 Synergistic effects play a role
when both metals participate in chemical bonding to reaction intermediates and transition
states. When each metal performs a different function in a reaction, that phenomenon leads
to bi-functional effects.11,12
Despite the fact that thousands of tons of commercial catalysts are metal particles
on oxides that are prepared and used every day,13 these catalysts are very complicated and
not easily understood on a fundamental level. Understanding the relationship between
atomic growth of a catalyst surface and its catalytic performance is the focus of surface
science and catalysis. The study of metal particles deposited on well-defined single crystal
supports is of fundamental importance to understand the growth and reactivity of metal
particles in complex commercial real world catalysts, as metal clusters deposited on an
oxide surfaces provide simple model systems.14
It is crucial to understand the chemical nature behind the superior activity of
catalysts in order to provide effective guidance to design better catalysts for industrial
processes. Generally, only the properties of the bulk catalysts can be obtained from
conventional characterization techniques using optical and electron based microscopic
techniques such as SEM and TEM.15 However, it is important to grasp the information at
the catalytic surface and the interface where most catalytic reactions takes place.
Ultrahigh vacuum (UHV) studies, (pressure ≤10-10 Torr) provides a better approach
to investigate model catalysts under highly controlled conditions. Therefore, in our lab we
use an ultrahigh vacuum chamber to prepare simple model catalysts to study the different
aspects of model surfaces, including the support material, metal-support interactions4,5,
3

metal oxidation states, and the presence of an additional metal, thus isolating a number of
factors that influence surface chemistry. 16 This simplifies the studies on gas-solid phase
catalytic reactions in complex real catalytic systems. Model systems consist of atomically
clean, well-defined single crystal supports provide a simple model of a real catalyst.
Therefore, model catalyst approach enables the control over the catalyst composition, the
gas environment, temperature and pressure namely ultrahigh vacuum conditions, enabling
a pristine environment throughout the experiment.

1.2 SIGNIFICANCE OF SURFACE SCIENCE IN CATALYSIS
Attempting to understand the relationship between a catalyst’s physiochemical
properties and its activity or selectivity for a particular reaction is one of the primary
pursuits in modern surface science. Fundamental understandings of chemistry on surfaces
guide the rational design of catalysts to improve the efficiency of existent industries and
offer promising potentials for developments of new avenues as well.
Commercial catalysts often have complicated surface structures which makes it
difficult to relate the macroscopic effects to the microscopic surface processes. As a result
of the complexity of the environment and the materials of real world catalysts, it can be
challenging to separate the effects of metal-metal interactions from metal-support
interactions. For this reason, it is more desirable to study simple model catalytic systems
prepared by growing metal particles on model supports that have a well-defined structure.
Ultrahigh vacuum (UHV) (pressure ≤10-10 Torr) techniques enable model catalysts to be
characterized very precisely in a pristine environment. Ultrahigh vacuum is a necessity for
maintaining atomically clean surfaces that allow the use of highly surface sensitive ion-
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and electron-based microscopic and spectroscopic techniques for surface characterization.
These important electronic and ion based techniques include scanning tunneling
microscope (STM), low energy ion scattering (LEIS), X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES) and temperature programmed desorption
(TPD) which are described in the next experimental techniques chapter. Many of the
surface science techniques require UHV conditions so that the mean free path of an electron
is long enough to travel from source to detector without colliding with atmospheric gas
particles.
However, common drawbacks to the ultrahigh vacuum studies include that, it is
performed under conditions far from reality, where catalysts with complex surfaces
undergo reactions at atmospheric pressures or higher. A high-pressure reactor cell coupled
to the vacuum chamber can be used to systematically study well-defined model surfaces
while enabling kinetic evaluations at elevated pressures to allow better comparison
between model and real catalysts. The setup is designed with a microreactor that has a
small dead volume and it can operate in a recirculating fashion to build up product levels
over time until they are at a quantity for sufficient detection. Calibrated mass flow
controllers are used to configure reactant feed gasses, and products are analyzed via gas
chromatography (GC) with either thermal conductivity detectors (TCD) or flame ionization
detectors (FID).

1.3 MOTIVATION
Ultrahigh vacuum (UHV) studies of heterogeneous catalysis enable fundamental
studies on catalysts for the purpose of understanding their activity and selectivity as a
function of composition and structure. Heterogeneous catalysis has vital applications in the
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areas of energy conversion, environmental remediation, and the pharmaceutical
industry.11,17 Out of the many different applications of heterogeneous catalysis, biomass
refining, which mainly falls in the category of energy conversion, is one important area of
interest given its potential for cleaner and sustainable production of energy. 18,19
Taking advantage of having well-defined surface structure for model support, we
can carefully control the composition of metal deposited on a TiO 2(110), HOPG (highly
oriented pyrolytic graphite) and Pt(111) single crystal surfaces, on the atomic level, under
pristine UHV conditions. The nucleation, growth, characterization and chemical activity
of monometallic and bimetallic clusters were investigated to understand how activity is
influenced by cluster sizes, compositions, and interactions with the catalyst support.
The studies in this thesis include the growth and characterization of catalytically
important metals such as Pt, Re, Pd and Sn on single crystal Pt(111), oxide support
TiO2(110) and an inert carbon support HOPG. The Pt-Re bimetallic system is known to
exhibit superior catalytic properties for several industrially important reactions such as
naphtha reforming,20 aqueous phase reforming,21 and water gas shift (WGS) reaction.22,23
Therefore, the underlying motivation of our research is to obtain a deeper
understanding of a WGS catalyst consisting of supported Pt-Re catalytic surfaces as model
analogues for real catalysts to gain atomic level understanding of activity, selectivity and
stability for WGS reaction. The enhanced activity and stability achieved upon the addition
of a second metal, revolutionized research interests to investigate the role of Re to develop
more effective catalysts.24,25 Many studies have been reported in literature attempting to
understand the roles of each constituent in those Pt-Re oxide supported catalyst.26–28 Based
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on earlier studies on Pt/TiO2 catalysts, it is agreed that Pt activates CO and the titania
support activates water to produce CO2 and H2 in WGS reaction.29
However, the mechanism of WGS reaction and the role of Re that plays in
enhancing the performance of the Pt-Re bimetallic catalysts were not fully
understood.23,25,28,30–35 Previous studies of our own group on understanding the growth,
chemical activity and cluster-support interactions for Pt-Re bimetallic clusters on
TiO2(110)36 and active sites in the water gas shift reaction for Pt-Re catalysts on
TiO2(110)37 shed light to proceed with further investigations on this system. A number of
hypothesis and mechanisms have been proposed for the role of Re in improving Pt based
catalysts. These include electronic modification,38 decreased CO poisoning of Pt active
sites,39 increased Pt dispersion and reduced sintering, 40 and improved selectivity for water
gas shift (WGS) reaction by ReOx.22,28 Consequently, our motivation is focused on
investigating the controversial role of Re and influence of the support by accompanying
Pt-Re model catalyst systems under highly controlled UHV conditions.36,41 Studies of Re
films grown on Pt(111) were also performed in order to understand Pt-Re alloy formation
and how the presence of Pt influences the oxidation states of Re.
A second, Pt-Sn system has been studied in terms of growth and characterization
as a part of larger study where Pt-Sn system is believed to serve as active catalysts for
selective hydrogenation of unsaturated aldehydes to unsaturated alcohols. The limited
nature of petroleum resources has led to the pursuit of sustainable energy sources.42
Selective hydrogenation of unsaturated aldehydes to unsaturated alcohols is a promising
reaction path for achieving renewable production of high value chemicals in the fine
chemical industry.17,43 The Pt-Sn catalytic system was studied to address the metal-metal
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and metal-support interactions of Pt-Sn surfaces at a fundamental level for the selective
hydrogenation of the carbonyl to the unsaturated alcohol. The bimetallic nature of the
catalyst enables Pt to provide sites for hydrogenation, while Sn is recognized to facilitate
preferential C=O bond hydrogenation by providing sites due to its oxophillic nature.43–47
The formation of bimetallic clusters can be accomplished either by taking the
advantage of relative mobilities of metals by depositing the least mobile metal first
followed by deposition of the more mobile metal second, or by providing sufficient
nucleation sites from the first metal deposition for the second metal to nucleate upon
second deposition.16,41,48 The well-known single crystal, rutile TiO2(110), is the crystal of
choice as the oxide support to be used in ultrahigh vacuum experiments as its surface is
well defined. Also TiO2(110) can be made sufficiently conductive by annealing the crystal
in vacuum to desorb oxygen, producing an n-type semiconductor for STM experiments. 49
As for the studies of metals on HOPG, HOPG is an inert carbon support in which the
nucleation sites were controlled by Ar+ ion sputtering and annealing for the purpose of
metal growth.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
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2.1 UHV CHAMBER
Studying model catalysts under ultrahigh vacuum (UHV) is important, because it
allows the preparation and characterization of model catalysts under carefully controlled
conditions. Typically, UHV chamber maintains very low pressure on the order of 10 -10
Torr. Preparation and characterization of catalytic systems become complicated at higher
pressures due to the tendency of, gases to adsorb on the surface much more quickly. In
addition, many of the electron and ion based surface science techniques require mean free
path lengths long enough for electrons, and ions, to travel between the sample and detector.
The supported metal model catalysts employed in this thesis were primarily
prepared and characterized in UHV chamber shown in Figure 2.1. The main analysis
chamber has a load lock chamber that is isolated by a gate valve in order to provide the
ability to introduce samples without opening the entire chamber. In addition, there is a
carousel which has the ability to store up to six samples inside the chamber. The sample
holder is capable of heating samples via electron beam bombardment of a Ta back plate,
and sample stage is capable of moving sample to different positions inside the chamber.
The chamber is equipped with an ion gun for Ar+ ion sputtering for the purpose of cleaning
the surfaces, metal dosers for the physical vapor deposition of metals, and gas dosers. The
chamber is also designed to conduct various surface science experiments including
scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), low energy electron diffraction (LEED), low energy ion
scattering (LEIS), and temperature programmed desorption (TPD).
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Figure 2.1 Ultrahigh Vacuum Chamber.

2.2 SCANNING TUNNELING MICROSCOPY (STM)
STM is an important surface characterization technique that can be used to image
surfaces down to the atomic level with vertical resolution of up to 0.01 A and a lateral
resolution of 0.1 A.1 STM provides valuable information about the surface morphology
and metal particle size of model catalysts. Binnig and Rohrer won the Nobel Prize in
physics in 1986 for the invention of STM, in which the working principle is based on the
quantum mechanical tunneling of electrons. 2 STM imaging is limited to conducting
substrates, usually metals and semiconductors, since the principle of STM relies on
electron tunneling between an STM tip and the surface. However, possibilities do exist to
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study metal oxides such as TiO2, because of the ability to create oxygen vacancies by
heating in vacuum or bombardment of ions, which provides sufficient conductivity for
STM. Figure 2.2 shows a schematic diagram of the typical STM experimental set up.
Typically, a metal wire is brought into close proximity of the surface while a potential is
applied between the tip and the surface in order to induce electrons to tunnel through the
vacuum gap between the tip and the surface. The sample is biased either by positively or
negatively, such that electrons tunnel across the vacuum gap from the sample to tip or tip
to sample, when the tip is rastered across the sample. STM experiments carried out in this
work, was performed by applying positive voltage to the sample where the electrons tunnel
from the tip to the sample. A feedback loop adjusts the vertical position of the tip to
maintain constant tunneling current, and as the tip rasters across the surface, a 3-dimesional
map of the surface topography can be obtained. STM has advantage over other surface
science techniques such as XPS, LEIS, AES, because STM is capable of providing
information about individual particles on the surface rather than averaging the properties
of all the particles.
It is important to use a sharp tip in STM experiments because multiple atoms at the
tip can contribute to the tunneling current which leads to poor lateral resolution. In our lab,
STM tips are prepared by electrochemical etching of a 0.38 mm tungsten wire in 2M
sodium hydroxide solution. Subsequent treatments are carried out to improve the quality
of the tips by Ar+ ion sputtering at 8 uA and pulsing the tip by applying high voltages up
to 10 V.
In this thesis, STM was primarily used to establish the cleanliness of the surface
and the STM images were analyzed to obtain information about growth and cluster
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distribution of monometallic and bimetallic metals which are important factors in
determining surface morphology and activity relationships.

Figure 2.2 Schematic diagram of a typical STM experimental setup. 3

2.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
XPS, which is also referred to as Electron Spectroscopy for Chemical Analysis
(ESCA), is a well-known technique used in surface analysis which was developed by Kai
Siegbahn, who won the Nobel Prize in Physics in 1981. 1 It is particularly useful for
elemental analysis and obtaining information about chemical environment and specifically
oxidation states. X-rays for the XPS experiment are typically generated by an Al Kα or Mg
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Kα source, which is used to excite core shell electrons from the atoms in the sample. 4 Once
the sample is irradiated with X-ray photons, electrons are ejected from the core level, and
a higher level electron can fill the hole left behind in the core shell, thereby lowering the
energy of the system. Kinetic energy of the ejected photoelectrons is measured with a
hemispherical analyzer as shown schematically in Figure 2.3.
X-rays are generated by heating thoria-coated iridium filament to emit electrons,
and the emitted electrons are accelerated to the anode held at a potential of 15 kV. The Mg
or Al targets emit X-rays with an energy of 1253.6 eV or 1486.6 eV, respectively. Since
the energy of the X-ray source is known, the binding energy of the ejected electrons can be
calculated with the following equation,
EB=hʋ -KE
Where EB is the binding energy of the electron to the atom, h is the Plank’s constant,
ʋ is the frequency of the photon and KE is the kinetic energy of the electron.
Each element has a set of characteristic binding energies which provides
information about chemical environment of the particular element on the surface. Since
peaks appear in the XPS spectrum at specific binding energies, this technique not only
provides chemical identification and quantification, but also provides information about
chemical environment, oxidation state, alloy formation, nanoparticle size. 5,6 Typically,
XPS probes the top 10 nm of the surface as the emitted electrons have significantly shorter
mean free path lengths.1
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Figure 2.3 Schematic diagram of a typical XPS experimental setup. 7

2.4 LOW ENERGY ION SCATTERING SPECTROSCOPY (LEIS)
LEIS is an extremely surface sensitive technique used to probe the atomic
composition of outermost atomic layer of the surface. The sample is bombarded with an
inert ionized gas typically, He+, Ne+, Ar+ with energies >600 eV. The electrostatic analyzer
measures the kinetic energy of the backscattered ions which depends on the mass of the
surface atom with which they collided. Figure 2.4 depicts the key event that takes place
during LEIS experiment where the incident ion beam bombards the surface and elastically
backscatters to a detector. The ion scattering event can be regarded as classical two-body
elastic collision where the mass of the element on the surface is calculated by conservation
of momentum and energy for the system. Only the elastically back-scattered ions are
detected because the ions that penetrate deeper into the surface are neutralized before they
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escape the surface. Furthermore, relative intensities of the LEIS signal depend on the
element itself.8 Therefore, a sensitivity correction factor must be calculated in order to
obtain quantitative analysis of the elemental composition at the surface. 9

Figure 2.4 Schematic diagram of LEIS principle. 10

2.5 AUGER ELECTRON SPECTROSCOPY (AES)
Auger transitions were first described by Auger in 1925. 11 These transitions can be
excited by photons, electrons or even by ion bombardment as shown in the Figure 2.5.
Furthermore, Auger electron transitions can also be simultaneously observed during XPS
measurements. In contrast to XPS, which is an one-electron process, AES relies on the
coupling between electrons. The Auger process involves the ionization of a core level, in
which a higher lying (core or valence) electron fills the resulting hole in a nonradiative
transition leading to an atom in an excited state. This excited energy is removed by the
ejection of a second electron, and the Auger transition notation provides the levels involved
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during the electronic transitions. The basis for Auger electron spectroscopy is that the
energy of the emergent electron is determined by the difference in binding energies
associated with the de-excitation of an atom as it rearranges its electron shells and emits
electrons (Auger electrons) with characteristic energies. The equation for determining the
energy of an Auger transition (KLM) can be given by EKLM = EK - EL- EM-δE where, EKLM
is the kinetic energy of the Auger electron; E K, EL and EM are the binding energies of an
electron in the K, L and M-shells; and δE is the energy shift caused by relaxation effects. 11
AES provides elemental composition of the first 2-10 atomic layers.12

Figure 2.5 Schematic diagram of electron transitions in Auger
emission.13

2.6 LOW ENERGY ELECTRON DIFFRACTION (LEED)
LEED is commonly used technique to determine surface structure, symmetry and
structure of ordered adsorbate layers. LEED is a relatively simple and quick method of

25

determining crystalline order at the surface of a single crystal. The principle of the LEED
technique is based on elastic scattering of a beam of monoenergetic electrons from a surface
as schematically represented in the Figure 2.6. Figure 2.7 and 2.8 depict the LEED pattern
of TiO2(110)-(1x1) and Pt(111) respectively. Typically, an electron gun emits electrons
with energies of 20-200 eV perpendicular to the surface plane of the crystal. 14 The
elastically scattered electron beams are detected on a fluorescent screen to produce the
diffraction pattern. LEED pattern reveals the periodicity of atoms of the surface and the
overall symmetry of the surface, but not the detailed atomic positions. LEED can also be
useful to determine whether surface has undergone a reconstruction. 15

Figure 2.6 A schematic of the principle of low energy
diffraction (LEED).8
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Figure 2.7 The LEED of
TiO2(110)-(1x1).

Figure 2.8 The LEED of Pt(111).

2.7 TEMPERATURE PROGRAMMED DESORPTION (TPD)
TPD is a powerful tool for studying chemical activity, adsorption energies and
surface compositions. The experiment is performed by adsorption of a probe molecule by
the probe molecule on the surface and heating the sample in front of a quadrupole mass
spectrometer by applying a linear temperature ramp. The products desorbed from the
surface are detected by the mass spectrometer and as a function of temperature.8 It is crucial
to place the sample close to the mass spectrometer in order to eliminate any contribution
from molecules that desorb from the sample holder. Typically, adsorption occurs at liquid
nitrogen temperatures and the sample is also biased at -100 V to limit any electron-induced
chemistry induced by the mass spectrometer filament. A schematic of the TPD
experimental set up is shown in Figure 2.9. Products can be identified based on the mass
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fragmentation patters, and the product yield can be obtained by integration of desorption
peaks.

Figure 2.9 A schematic of experimental setup for TPD studies
in ultrahigh vacuum.8
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CHAPTER 3

WATER GAS SHIFT REACTION ON PT-RE PARTICLES AND THE ROLE OF THE
SUPPORT
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3. 1 INTRODUCTION
Pt-Re bimetallic system has shown superior catalytic properties compared to pure
metals by themselves for various surface reactions and catalytic processes. 1–3 Pt-Re
catalysts represent one of the most commercially successful bimetallic catalysts used for
industrial naphtha reforming since the 1960’s. 4–8 Furthermore, studies have also been
reported greater catalytic properties associated with biomass reforming, 9 where glycerol
hydrogenolysis to propanediols and selective hydrogenation of carboxylic acid and
aldehydes.7,10–15 The enhanced activity, selectivity, stability than Pt alone has been
attributed to electronic effects from metal-metal interactions and bifunctional active sites.
It is believed that the Re plays a role in inhibiting carbon buildup and the subsequent
deactivation of the Pt sites in these catalysts. 16–21 Recently, Pt-Re catalysts have gained
attention for the water gas shift (WGS) reaction due to their higher activity when compared
to Pt alone.16,21–24 A significant interest has been drawn for the development of low
temperature (~200 ºC) WGS catalyst, as the existing Cu/ZnO catalysts for low temperature
WGS reactions are limited by their pyrophoric nature and the need for complex activation
procedures.25–28 Therefore, it is important to understand the enhanced catalytic properties
of the Pt-Re system for the WGS reaction as shown below.

CO + H2O

↔

CO2 + H2

∆H=-40.6 kJ/mol

Many theories have been proposed in literature to address the catalytic behavior
given that O-H bond breaking in water is believed to be the rate limiting step in the WGS
reaction on Pt while ReOx provides the active sites for water dissociation. 16,23,29,30 In
addition, it is also believed that carbon fouling is reduced on Pt-Re surface due to weaker
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binding of CO on Pt-Re compared to Pt alone.31,32 Despite the many investigations of PtRe catalysts, the details of Pt-Re bimetallic interactions and the interactions of the metal
particles with the catalytic support are still yet to be discovered.
The main challenge for the difficulty in preparing conventional bimetallic catalysts
with controlled compositions and sizes can be overcome by the model catalyst approach. 33–
35

In order to better understand the chemical interactions of Pt-Re system in relation to the

catalytic support, it is useful to study model surfaces consisting vapor deposited
monometallic Pt, Re and Pt-Re clusters onto the oxide support compared with an inert
support such as highly oriented pyrolytic graphite (HOPG). 36–39A detailed study of the
growth, chemical activity and cluster-support interactions for Pt-Re bimetallic clusters on
TiO2(110) has already been reported. 40,41 Another study was also reported for
understanding the active sites in the WGS reaction for Pt-Re catalysts on TiO2.36
In the work reported here, we have deposited Pt, Re, and Pt-Re clusters on HOPG
and studied these surfaces by scanning tunneling microscopy (STM), in order to understand
the nucleation, growth, and formation of bimetallic clusters in comparison to the TiO2(110)
oxide support. Furthermore, atomic composition of the cluster surfaces was determined by
temperature programmed desorption (TPD) using CO as a probe molecule.
WGS activity investigations have also been carried out on model systems
consisting of vapor deposited, pure and as well as Pt-Re bimetallic clusters deposited on
HOPG support. These surfaces were prepared and activity studies were carried out in a
separate ultrahigh vacuum (UHV) chamber coupled to a microreactor. WGS activity was
studied at pressures of ~1 atm, and the model catalytic surfaces were then transferred back
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into the UHV chamber for post WGS reaction, X-ray photoelectron spectroscopy (XPS)
studies.
The bimetallic clusters that consist of Pt on Re are the ones that exhibit the highest
activity for WGS reaction even on HOPG, an inert support. These clusters are grown either
by depositing 2 ML of Pt on 2 ML Re seed clusters, or by depositing submonolayer (0.5
ML) coverages of Re on 2 ML Pt clusters, where the Re atoms diffuse into the Pt cluster.
However, the highest TOF observed for Pt on Re clusters grown on TiO 2 is greater than
that of the clusters grown on HOPG under identical conditions.

3.2 EXPERIMENTAL SECTION
Growth and surface characterization of Pt-Re clusters were carried out in an
ultrahigh vacuum (UHV) chamber that has previously been described in detail
elsewhere.42,43 This chamber has a base pressure below 2x10 -10 Torr and is equipped with
a number of surface analytical techniques such as scanning tunneling microscopy (STM,
Omicron

VT-25),

low

energy

ion

scattering

(LEIS),

X-ray

photoelectron

spectroscopy(XPS) (Hemispherical Analyzer, Omicron EA 125) for XPS and LEIS, Auger
Electron Spectroscopy (AES) and low energy electron diffraction(LEED) system
(Omicron Spec 3).
The second chamber (P< 3x10 -10 Torr) is coupled to a custom made microreactor
and is equipped with a residual gas analyzer (Stanford Research Systems, RGA 300), a
hemispherical analyzer (SPECS, EA10) and Mg/Al Kα X-ray source (Leybold Heraeus,
RQ 20/63) for XPS, and an infrared reflection absorption spectroscopy (IRAS) system
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(Bruker, Tensor 27).36,44 In addition, both the chambers are equipped with load lock
chamber for rapid introduction of freshly cleaved HOPG samples for each experiment.
The HOPG support (SPI supplies, 10 mm x 10 mm x 1 mm) was used as the support
to grow Pt and Re clusters, which was mounted on a standard Omicron Ta back plate using
thin Ta foil straps. A clean HOPG surface was achieved by freshly cleaving the surface
with adhesive tape in air and reloading the sample into the UHV chamber through the load
lock for each experiment. In order to obtain a highly modified HOPG (hmHOPG) surface
to create a defective surface for nucleation of metals, the HOPG was sputtered with Ar + at
500 eV at a current of 100 nA and Ar pressure of 2.2x10 -7 Torr for 5 minutes. The sample
was then heated by electron bombardment from tungsten filament positioned behind the
sample with a positive bias applied to the HOPG sample to heat to 950-1000 K for 12
minutes to remove embedded Ar. The temperature was monitored via a type K
thermocouple which was spot welded on to the Ta back plate closest to the HOPG sample.
The rutile TiO2(110) crystal (Princeton Scientific Corporation, 10 mm x 10 mm x
1 mm) and Pt(111) single crystal (99.999%, Princeton Scientific Corp., 8 mm diameter, 2
mm thickness) were used for microreactor activity experiments. The rutile TiO2(110)
single crystal was mounted on a Ta back plate using thin Ta foil straps while Pt(111) single
crystal was mounted by press-fitting two Ta wires into 1.1 mm deep slots cut into the sides
of the crystal. Both the single crystal surfaces were cleaned by Ar + ion sputtering at 1 kV
for 20 minutes, followed by annealing to 950-1000 K for 3 minutes. The support
temperature was monitored by an infrared pyrometer (Heitronics).
Physical vapor deposition was carried out by e-beam heating (Oxford Applied
Research EGCO4 four pocket e-beam evaporator) to deposit metals onto HOPG using Pt
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rod (ESPI, 4N, 0.08” x 1”) and Re rod (ESPI, 0.08” x 1”, 99.99%). A bias of +800 V was
applied to the surface during deposition in order to avoid the creation of defect sites on the
HOPG surface due to positively charged metal ions. The metal flux was determined using
an independently calibrated quartz crystal microbalance (Inficon, XTM-2). The metal
coverage is defined in monolayer (ML) equivalents which correspond to the packing
density of Pt(111) (1.50 x 1015 atoms/cm2) or Re(0001) (1.52 x 1015 atoms/cm2).45,46
STM experiments were carried out to investigate the surface morphology and
structure of the Pt/Re bimetallic clusters grown on highly modified HOPG. STM images
were collected at constant tunneling current of 0.1-0.2 nA, and the sample was biased at +
2.3 V with respect to the STM tip. STM tips were made by electrochemically etching a
0.38 mm diameter tungsten wire in NaOH and conditioning tips by sputtering with Ar+ ions
at 3 kV and pulsing to higher voltages. The cluster heights were determined by manual
measurement using SCALA program that measured thirty representative clusters in a 1000
Å x 1000 Å image. Cluster heights were considered as a measure of cluster size since the
diameters are known to be overestimated due to tip convolution effects. 47,48 Cluster
densities were based on counting all of the clusters in a 1000 Å x 1000 Å image.
CO TPD experiments were carried out exposing the surfaces to CO (99.998%,
Matheson) via a stainless steel directed dosing tube after preparing the surfaces by
depositing Pt/Re clusters on highly modified and annealed HOPG surfaces as described
before. A saturation exposure of CO was achieved by leaking in CO at a pressure rise of
5.0 x 10-10 Torr for 3 minutes. The sample was heated at a rate of ~2 K/s using an automated
ramp program during TPD experiments, and the sample was positioned directly in front of
the shroud of the mass spectrometer in order to minimize the detection of products
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desorbing from the sample holder. The crystal was positioned ~2 mm in front of ~4 .3 mm
diameter hole cut of 8 mm extended nose in the shroud of translational stage in the mass
spectrometer.
For the activity studies in the second chamber, pre and post reaction XPS data were
collected using Al Kα X-rays, a 0.2 s dwell time, and a 0.025 eV step size. Samples were
prepared in the UHV chamber and then transferred into and out of the microreactor without
exposing the sample into air. The sample in the reactor was heated and cooled in a
continuous flow of feed gas, which was a mixture of 3% CO (Praxair)/ 7% H 2O/90% He
(Airgas, 99.999%) with a flow rate of 60 SCCM as determined by a digital flow meter
(Agilent Technologies, ADM2000). In order to remove metal carbonyls, CO was passed
through an alumina trap heated to 150 ºC. Water vapor was introduced to the feed gas line
by a stainless steel vapor-liquid equilibrator (VLE) filled with ultrapure liquid water (18.2
MΩ resistivity, Barnstead EasyPure II 7138), with He serving as the sweep gas. The
temperature of the VLE was controlled by a refrigerating/heating bath (VWR), and the
Antoine equation was used to calculate the concentration of water in the vapor outlet. Both
CO and He were introduced via independently calibrated mass flow controllers (Brooks,
5850e and 5850i). The sample was heated to temperatures between 130 and 190 ºC at a
rate of ~1.5-2 ºC/min by heating tapes (Briskheat, BWHD) wrapped around the exterior of
the reactor housing. The heating tapes were regulated by a feedback loop on a temperature
controller (Auber, SYL-4342P) to ensure uniform heating and cooling. Sample temperature
was measured by a type K thermocouple (Omega, KMQSS-040G-6) welded into the feed
gas inlet, close to the sample surface. The gas lines were maintained at ~65 ºC using two
Valco Instruments temperature controllers. Pressure in the reactor was monitored by two
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capacitance manometers (MKS Instruments, Baratron 722 A) located both upstream of the
reactor in the feed gas line (790-800 Torr) and downstream of the reactor (770-780 Torr).
Activity measurements were performed in recirculation mode, where the reactant
gases recirculate over the catalyst surface once every 2 minutes, and the concentration of
CO2 is increased to a detectable level during the recirculation period. An inline gas sample
(~1.096 cm3) was injected into the gas chromatograph (HP 5890A) equipped with a
PoraPLOT Q capillary column and thermal conductivity detector (TCD). The pressure in
the reactor remained unchanged as the automatic injections were followed by refilling the
gas sampling loop with fresh gas every 20 minutes. The CO2 concentration was recorded
after 2 hours of reaction at 130, 145, 160, 175, and 190 ºC. Assuming the ideal gas behavior,
the total moles of CO2 produced were corrected for the loss of CO2 due to gas injection and
the gain in CO2 from refilling the feed gas. The background activity of the empty reactor
and sample support were found to contribute minor amounts of CO2 to the overall activity,
and the background activity of the empty reactor was subtracted from the total activity.

3.3 RESULTS AND DISCUSSION
Growth of Pt-Re on HOPG
In general, large clusters with low cluster densities form when metals are deposited
on the untreated HOPG surface compared to TiO2 due to the high mobility of metal atoms
on HOPG. STM images for Pt, Re and Pt-Re clusters deposited on highly modified HOPG
at room temperature indicate that bimetallic clusters can be prepared via sequential
deposition of Pt and Re. Figure 3.1 compares STM images for 2 ML of pure Re (Figure
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3.1a) and 2 ML of pure Pt (Figure 3.1c) deposited on HOPG; both metals grow as threedimensional clusters, which are shown as bright features in the STM images.
The average cluster height and cluster densities for the Re and Pt clusters are
13.7±2.3 Å and 6.61x1012 cm-2 and 22.3±3.2 Å and 3.60x1012 cm-2, respectively. The
smaller cluster sizes and higher cluster densities for Re demonstrate that the Re atoms are
less mobile on the surface than Pt atoms. When 2 ML Pt is deposited on top of the 2 ML
Re clusters, the average cluster height increases to 18.0±2.4 Å, and the cluster density
decreases to 4.23x1012 cm-2 as shown in Figure 3.1b. This behavior implies that the
incoming Pt atoms are incorporated into existing Re clusters rather than forming new
clusters of pure Pt. For the reverse order deposition of 2 ML Re on 2 ML Pt in Figure 3.1d,
clusters have 16.5±1.8 Å average cluster height, while the cluster density is increased to
4.03x1012 cm-2 indicating the formation of some monometallic Re clusters on the surface.
Previous STM studies of the growth of Pt-Re and other metals grown on TiO2(110)
by sequential deposition, such as Pt-Au,49 Ni-Au,50 Co-Au,51 Co-Pt,45 have demonstrated
that exclusively bimetallic clusters are prepared from equal metal coverages when the less
mobile metal is deposited first, providing enough nucleation sites for the more mobile
metal. According to the growth of metals on TiO2(110), it is possible to deposit only
bimetallic Pt-Re clusters via either order of deposition at higher metal coverages, where
the initial nucleation density is high, as the metals interact strongly with the support such
that adatom mobility on the surface is low. Therefore, relatively small clusters with high
cluster densities are formed.

39

a

b

c

d

Figure 3.1. Scanning tunneling microscopy images for the
following metal coverages deposited on highly modified
HOPG at room temperature: a) 2 ML Re; b) 2 ML Re+2 ML
Pt; c) 2 ML Pt; d) 2 ML Pt+2 ML Re. All images are 1000 Å
x 1000 Å.

Table 3.1. Average cluster heights and densities for pure and bimetallic 2 ML of Pt
and Re deposited on HOPG at room temperature.
Surface

Average height (Å)

Cluster density
(clusters/cm2)

2 ML Pt

22.3+3.2 Å

3.60x1012

2 ML Re

13.7+2.3 Å

6.61x1012

2 ML Pt+2 ML Re

16.5+1.8 Å

4.03x1012

2 ML Re+2 ML Pt

18.0+2.4 Å

4.23x1012
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Surface composition probed by CO adsorption
CO TPD experiments on the Pt-Re clusters grown on HOPG were carried out to
provide further insight into the surface composition of the clusters as the data shown in
Figure 3.2. Notably, CO does not adsorb on the HOPG support. Taking advantage of the
fact that CO dissociates on Re but not on Pt, the presence of a high temperature CO
desorption peak from dissociation CO and subsequent recombination of carbon and oxygen

Mass Spec. Signal (28 amu)

2 ML Pt
2 ML Pt+0.5 ML Re

2 ML Pt+2 ML Re

2 ML Re+2 ML Pt

2 ML Re

Temperature (K)
Figure 3.2. Temperature programmed desorption data (28
amu signal) for a saturation exposure of CO at room
temperature on the following surfaces: 2 ML Re, 2 ML
Re+2 ML Pt, 2 ML Pt+2 ML Re, 2 ML Pt+0.5 ML Re and
2 ML Pt in red, purple, pink, green and blue traces
respectively.
atoms illustrate the presence of Re at the surface. The desorption profile of 2 ML Pt is
similar to profile reported for Pt clusters reported on TiO 2(110).42,45 The CO desorption at
400 K corresponds to the desorption from terrace sites, and the peak at 500 K is due to the
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CO desorption at step sites on pure Pt surface. 52 For the pure 2 ML Re clusters, there is an
additional smaller peak at 875 K that is attributed to recombinant CO desorption from the
dissociation of CO at higher temperature other than the CO desorption at 400 K. 53
However, there is no evidence for dissociation of CO on the pure Pt clusters. It is expected
that the total CO desorption yield would be greater on the Re clusters since the dispersion
of Re is higher on the surface due to the smaller cluster size and higher cluster density. The
2 ML Re+2 ML Pt surface exhibits main CO desorption peak ~400 K along with only a
very small recombinant CO peak suggesting ~100 % Pt at the surface. For the 2 ML Pt+2
ML Re surface, both the molecular CO desorption and the recombinant CO desorption
peaks were observed, indicating the coexistence of both Pt and Re clusters at the surface.
However, recombinant CO desorption peak was not observed when 0.5 ML Re is deposited
on to the 2 ML Pt where the Re has diffused into the subsurface given that the surface free
energy of Re (3.6 Jm-2) is higher than that of Pt (2.5 Jm-2).54 The shoulder peak assigned
for the CO desorption from Pt step sites is not observed for the Pt-Re clusters as the step
sites are blocked by Re in the bimetallic clusters.
Water gas shift activity studies
Activity for WGS reaction was studied on pure and bimetallic Pt-Re clusters at
temperatures between 130 and 190 ºC. Since CO dissociates on the surface of Re, almost
no WGS activity is observed on pure Re clusters. Turnover frequencies (TOFs) were
calculated based on CO2 production for pure Pt, pure Re and Pt-Re bimetallic clusters as
shown in Figure 3.3 with the comparison of both TiO2(110) and HOPG supports. CO
desorption yields were used to calculate the number of surface sites based on the CO TPD
experiments.
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According to these investigations, the most active surface in WGS reaction is Pt
deposited on Re irrespective of the support used TiO2(110) vs HOPG. However, WGS
activity is higher on the same surface grown using TiO2(110) as the support, indicating the
important role played by the metal-oxide interface in facilitating the WGS.

HOPG

-1 -1

-3

TOF (molec site s , x10 )

TiO2(110)

2 ML Re+2ML Pt

2 ML
2 ML Pt+2ML Re
Re
Figure 3.3. Turnover frequencies (TOFs) based on CO2 production in the
WGS reaction at 160 ºC on the following surfaces: 2 ML Pt, 2 ML Re+2 ML
Pt, 2 ML Re and 2 ML Pt+2 ML Re grown on TiO2(110) and highly modified
HOPG supports respectively.
2 ML Pt

In order to further explore the role of the support, WGS activity was also
investigated on Pt(111) single crystal, Pt-Re film surface prepared by depositing a 1 ML
Re film on Pt(111) and then 1 ML Pt on top of the Re overlayer and Pt-Re alloy surface on
Pt(111) to completely remove the effects of the support. The alloy surface were prepared
by depositing 2.4 ML of Re on Pt(111). Additionally, the surfaces were treated with
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subsequent annealing treatment to 1000 K for 5 minutes, which causes the Re atoms to
diffuse into the bulk, resulting in a pure Pt surface with Pt and Re alloyed in the subsurface
for both the surfaces. Pt on Re surfaces are formed in both cases where the surfaces shown
to be more active for the WGS reaction than Pt alone when supported by HOPG or
TiO2(110). Figure 3.4 depicts the comparison of TOFs for Pt(111), Pt Re alloys and 2 ML
Pt clusters on TiO2(110). The results suggest that the TOF for Pt(111) is only 65% of that
for 2 ML Pt/TiO2. Higher activity is observed for Pt clusters on TiO 2, compared to Pt on
HOPG or pure Pt(111). These results led to the hypothesis that TiO 2 itself promotes WGS
activity through reaction at interfacial sites55 or the reaction is promoted at
undercoordinated edge sites as a result of a greater prevalence of small clusters on TiO 2.56
The observed activity for Pt-Re alloy surfaces are approximately twice as active as Pt(111),
although it is still less active than Pt/TiO2, which is consistent with the higher activity seen
for Pt on Re clusters.
The WGS reaction has long been considered as one of the most important reactions
for hydrogen production as an alternative energy source for fuel cells,2,38 and a number of
mechanisms were reported for the activation of H2 O and CO adsorption to form CO2 and
H2. It is considered that OH bond scission in H2O is an important step in the WGS reaction
and reports in the literature discuss ReO x as a potential active site for water dissociation. 1,23
However, according to our previous work, it was found that ReOx did not form under WGS
reaction conditions for clusters supported on TiO 2(110), oxidized Re surfaces were less
active in the WGS reaction than metallic Re. 36 Density functional theory (DFT)
calculations and IRAS experiments indicate that CO binds less strongly to Pt-Re surfaces
compared to pure Pt, decreasing the chance for active Pt sites to become blocked by
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strongly bound CO molecules. Similarly, CO coverage on Pt was higher than on Pt-Re,
demonstrating that the reason behind the enhanced activity of the bimetallic Pt on Re
surface is due to decreased CO poisoning.

Normalized TOF

2 ML Pt
on TiO2

Pt-Re
Alloy

1 ML Pt/
1 ML Re/
Pt(111)

Pt(111)

Figure 3.4: Comparison of TOFs for the WGS reaction at 160 °C
on the surfaces as labelled. All values are normalized to the TOF for
2 ML Pt on TiO2(110).

Metal-oxide, such as TiO2, CeO2, and ZrO2 are considered to be unique supports
for Pt catalysts in the WGS reaction because of their reducible nature and ability to activate
water.57–59 It has been proposed that the oxygen vacancies present on TiO 2 through
reduction is a result of WGS reaction by reduction with CO over Pt/TiO 2 and this serves as
activate sites for water dissociation for hydroxyl and H2 formation.58 Furthermore, it is
clearly evident that titania support plays a significant role in the activity of the Pt clusters
on TiO2 according to our own microreactor studies. 36
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3.4 CONCLUSIONS
In this work reported here, investigations were carried out to understand the role of
TiO2 support in the WGS reaction. Characterization studies performed with STM
experiments indicate that weak metal-support interactions on an inert support like HOPG
result in formation of larger clusters on HOPG compared to TiO 2. Formation of bimetallic
clusters were observed when Pt is deposited on top of Re, and some monometallic Re
clusters were also formed when Re is deposited on top of Pt depending on the coverage.
According to CO TPD experiments, surface is ~100 % Pt when equal coverages of
2 ML Pt is deposited on Re due to the lower surface free energy of Pt compared to Re.
Even without strong metal-support interactions, surface free energies dominate and cause
Re to remain subsurface when Re is deposited first, whereas Re diffuses into the Pt clusters
at lower Re coverages. When a higher coverage of Re is deposited on Pt, surface consists
of both Pt and Re due to kinetic limitations for diffusion of atoms within the clusters.
Therefore, bimetallic composition on HOPG is very similar to the surface composition on
TiO2.
In terms of the WGS activity, Pt surfaces with subsurface Re are the most active
for WGS reaction regardless of the support. The TOF for clusters grown on TiO 2 is greater
than that of clusters grown on HOPG, indicating activity is enhanced on the TiO2 support.

3.5 ACKNOWLEDGEMENTS
I would like to thank Amy Brandt for carrying out activity studies of these surfaces
in the microreactor coupled to the UHV chamber. And I greatly appreciate the National
Science Foundation for funding (CHE 1300227) for this project.

46

3.6 REFERENCES
(1)

Sato, Y.; Terada, K.; Hasegawa, S.; Miyao, T.; Naito, S. Mechanistic Study of
Water-Gas-Shift Reaction over TiO2 Supported Pt-Re and Pd-Re Catalysts. Appl.
Catal. A Gen. 2005, 296, 80–89. https://doi.org/10.1016/j.apcata.2005.08.009.

(2)

Wei, Z.; Sun, J.; Li, Y.; Datye, A. K.; Wang, Y. Bimetallic Catalysts for Hydrogen
Generation. Chem. Soc. Rev. 2012, 41 (24), 7994–8008.
https://doi.org/10.1039/c2cs35201j.

(3)

Schaal, M. T.; Pickerell, A. C.; Williams, C. T.; Monnier, J. R. Characterization
and Evaluation of Ag-Pt/SiO2catalysts Prepared by Electroless Deposition. J.
Catal. 2008, 254 (1), 131–143. https://doi.org/10.1016/j.jcat.2007.12.006.

(4)

Viswanadham, N.; Kamble, R.; Sharma, A.; Kumar, M.; Saxena, A. K. Effect of
Re on Product Yields and Deactivation Patterns of Naphtha Reforming Catalyst. J.
Mol. Catal. A Chem. 2008, 282 (1–2), 74–79.
https://doi.org/10.1016/j.molcata.2007.11.025.

(5)

Mazzieri, V. A.; Grau, J. M.; Yori, J. C.; Vera, C. R.; Pieck, C. L. Influence of
Additives on the Pt Metal Activity of Naphtha Reforming Catalysts. Appl. Catal. A
Gen. 2009, 354 (1–2), 161–168. https://doi.org/10.1016/j.apcata.2008.11.031.

(6)

Pieck, C. L.; Vera, C. R.; Parera, J. M.; Giménez, G. N.; Serra, L. R.; Carvalho, L.
S.; Rangel, M. C. Metal Dispersion and Catalytic Activity of Trimetallic Pt-ReSn/Al 2O3 Naphtha Reforming Catalysts. Catal. Today 2005, 107–108, 637–642.
https://doi.org/10.1016/j.cattod.2005.07.040.

47

(7)

Kirilin, A. V.; Tokarev, A. V.; Manyar, H.; Hardacre, C.; Salmi, T.; Mikkola, J. P.;
Murzin, D. Y. Aqueous Phase Reforming of Xylitol over Pt-Re Bimetallic
Catalyst: Effect of the Re Addition. Catal. Today 2014, 223, 97–107.
https://doi.org/10.1016/j.cattod.2013.09.020.

(8)

Rønning, M.; Gjervan, T.; Prestvik, R.; Nicholson, D. G.; Holmen, A. Influence of
Pretreatment Temperature on the Bimetallic Interactions in Pt-Re/Al2O3
Reforming Catalysts Studied by X-Ray Absorption Spectroscopy. J. Catal. 2001,
204 (2), 292–304. https://doi.org/10.1006/jcat.2001.3399.

(9)

Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A. Bimetallic Catalysts for
Upgrading of Biomass to Fuels and Chemicals. Chem. Soc. Rev. 2012, 41 (24),
8075–8098. https://doi.org/10.1039/c2cs35188a.

(10) Ciftci, A.; Ligthart, D. A. J. M.; Hensen, E. J. M. Aqueous Phase Reforming of
Glycerol over Re-Promoted Pt and Rh Catalysts. Green Chem. 2014, 16 (2), 853–
863. https://doi.org/10.1039/c3gc42046a.
(11) SIMONETTI, D.; KUNKES, E.; DUMESIC, J. Gas-Phase Conversion of Glycerol
to Synthesis Gas over Carbon-Supported Platinum and Platinum–Rhenium
Catalysts. J. Catal. 2007, 247 (2), 298–306.
https://doi.org/10.1016/j.jcat.2007.01.022.
(12) Kim, Y. T.; Dumesic, J. A.; Huber, G. W. Aqueous-Phase Hydrodeoxygenation of
Sorbitol: A Comparative Study of Pt/Zr Phosphate and PtReOx/C. J. Catal. 2013,
304, 72–85. https://doi.org/10.1016/j.jcat.2013.03.022.
(13) Coversheet, E. D.; Concerning, W.; Restrictions, C. Thomas Cooper Library Scan

48

and Deliver.
(14) Ciftci, A.; Ligthart, D. a J. M.; Sen, a. O.; Van Hoof, A. J. F.; Friedrich, H.;
Hensen, E. J. M. Pt-Re Synergy in Aqueous-Phase Reforming of Glycerol and the
Water-Gas Shift Reaction. J. Catal. 2014, 311, 88–101.
https://doi.org/10.1016/j.jcat.2013.11.011.
(15) Ciftci, A.; Eren, S.; Ligthart, D. a. J. M.; Hensen, E. J. M. Platinum-Rhenium
Synergy on Reducible Oxide Supports in Aqueous-Phase Glycerol Reforming.
ChemCatChem 2014, n/a-n/a. https://doi.org/10.1002/cctc.201301096.
(16) Azzam, K. G.; Babich, I. V.; Seshan, K.; Mojet, B. L.; Lefferts, L. Stable and
Efficient Pt-Re/TiO2 Catalysts for Water-Gas-Shift: On the Effect of Rhenium.
ChemCatChem 2013, 5, 557–564. https://doi.org/10.1002/cctc.201200492.
(17) Shabaker, J. W.; Simonetti, D. A.; Cortright, R. D.; Dumesic, J. A. Sn-Modified Ni
Catalysts for Aqueous-Phase Reforming: Characterization and Deactivation
Studies. J. Catal. 2005, 231 (1), 67–76. https://doi.org/10.1016/j.jcat.2005.01.019.
(18) Davda, R. R.; Shabaker, J. W.; Huber, G. W.; Cortright, R. D.; Dumesic, J. A.
Aqueous-Phase Reforming of Ethylene Glycol on Silica-Supported Metal
Catalysts. Appl. Catal. B Environ. 2003, 43 (1), 13–26.
https://doi.org/10.1016/S0926-3373(02)00277-1.
(19) Wang, X.; Gorte, R. J.; Wagner, J. P. Deactivation Mechanisms for Pd/Ceria
during the Water-Gas-Shift Reaction. J. Catal. 2002, 212 (2), 225–230.
https://doi.org/10.1006/jcat.2002.3789.

49

(20) Azzam, K. G.; Babich, I. V.; Seshan, K.; Lefferts, L. Single Stage Water Gas Shift
Conversion over Pt/TiO2-Problem of Catalyst Deactivation. Appl. Catal. A Gen.
2008, 338 (1–2), 66–71. https://doi.org/10.1016/j.apcata.2007.12.020.
(21) Kunkes, E. L.; Simonetti, D. A.; Dumesic, J. A.; Pyrz, W. D.; Murillo, L. E.; Chen,
J. G.; Buttrey, D. J. The Role of Rhenium in the Conversion of Glycerol to
Synthesis Gas over Carbon Supported Platinum-Rhenium Catalysts. J. Catal.
2008, 260 (1), 164–177. https://doi.org/10.1016/j.jcat.2008.09.027.
(22) Sato, Y.; Terada, K.; Soma, Y.; Miyao, T.; Naito, S. Marked Addition Effect of Re
upon the Water Gas Shift Reaction over TiO2 Supported Pt, Pd and Ir Catalysts.
Catal. Commun. 2006, 7 (2), 91–95. https://doi.org/10.1016/j.catcom.2005.08.009.
(23) Azzam, K. G.; Babich, I. V.; Seshan, K.; Lefferts, L. Role of Re in Pt-Re/TiO2
Catalyst for Water Gas Shift Reaction: A Mechanistic and Kinetic Study. Appl.
Catal. B Environ. 2008, 80, 129–140.
https://doi.org/10.1016/j.apcatb.2007.11.015.
(24) Iida, H.; Igarashi, A. Structure Characterization of Pt-Re/TiO2 (Rutile) and PtRe/ZrO2 Catalysts for Water Gas Shift Reaction at Low-Temperature. Appl. Catal.
A Gen. 2006, 303 (2), 192–198. https://doi.org/10.1016/j.apcata.2006.01.040.
(25) Narayan, M.; Das, D.; Submitted; Wu, B.; Maasdorp, L. C.; D., C.; Davis, M. W.;
Ellis, M. W.; Dougherty, B. P.; Oh, S. D. S. B.; et al. Validation of a HTPEMFC
Stack for CHP Applications. Int. J. Hydrogen Energy 2014, 37 (4), 1–7.
https://doi.org/10.1007/s10800-012-0448-7.
(26) Senanayake, S. D.; Evans, J.; Agnoli, S.; Barrio, L.; Chen, T. L.; Hrbek, J.;

50

Rodriguez, J. A. Water-Gas Shift and CO Methanation Reactions over NiCeO2(111) Catalysts. Top. Catal. 2011, 54 (1–4), 34–41.
https://doi.org/10.1007/s11244-011-9645-6.
(27) Bunluesin, T.; Gottea, R. J.; Grahamb, G. W. <App Cat B
Env_S.A.Barnett_1998.Pdf>. 1998, 15, 107–114. https://doi.org/10.1016/S0010938X(79)80087-6.
(28) Kalamaras, C. M.; Gonzalez, I. D.; Navarro, R. M.; Fierro, J. L. G.; Efstathiou, A.
M. Effects of Reaction Temperature and Support Composition on the Mechanism
of Water - Gas Shift Reaction over Supported-Pt Catalysts. J. Phys. Chem. C 2011,
115 (23), 11595–11610. https://doi.org/10.1021/jp201773a.
(29) Azzam, K. G.; Babich, I. V.; Seshan, K.; Lefferts, L. Bifunctional Catalysts for
Single-Stage Water-Gas Shift Reaction in Fuel Cell Applications. Part 1. Effect of
the Support on the Reaction Sequence. J. Catal. 2007, 251, 153–162.
https://doi.org/10.1016/j.jcat.2007.07.010.
(30) Mitra, B.; Gao, X.; Wachs, I. E.; Hirt, a. M.; Deo, G. Characterization of
Supported Rhenium Oxide Catalysts: Effect of Loading, Support and Additives.
Phys. Chem. Chem. Phys. 2001, 3 (6), 1144–1152.
https://doi.org/10.1039/b007381o.
(31) Ishikawa, Y.; Liao, M.; Cabrera, C. R. Energetics of H 2 O Dissociation and CO.
Surf. Sci. 2002, 513, 98–110.
(32) Ramstad, A.; Strisland, F.; Raaen, S.; Worren, T.; Borg, A.; Berg, C. Growth and
Alloy Formation Studied by Photoelectron Spectroscopy and STM. Surf. Sci. 1999,

51

425 (1), 57–67. https://doi.org/10.1016/S0039-6028(99)00185-5.
(33) Rodriguez, J. A.; Goodman, D. W. Surface Science Studies of the Electronic and
Chemical Properties of Bimetallic Systems. J. Phys. Chem. 1991, 95 (11), 4196–
4206. https://doi.org/10.1021/j100164a008.
(34) Henry, C. R. Surface Studies of Supported Model Catalysts. Surf. Sci. Rep. 1998,
31 (7–8), 231–325. https://doi.org/10.1016/S0167-5729(98)00002-8.
(35) Iida, H.; Yonezawa, K.; Kosaka, M.; Igarashi, A. Low-Temperature Water Gas
Shift Reaction over Pt-Re/TiO2 Catalysts Prepared by a Sub-Critical Drying
Method. Catal. Commun. 2009, 10 (5), 627–630.
https://doi.org/10.1016/j.catcom.2008.11.005.
(36) Duke, A. S.; Xie, K.; Brandt, A. J.; Maddumapatabandi, T. D.; Ammal, S. C.;
Heyden, A.; Monnier, J. R.; Chen, D. A. Understanding Active Sites in the WaterGas Shift Reaction for Pt-Re Catalysts on Titania. ACS Catal. 2017, 7 (4), 2597–
2606. https://doi.org/10.1021/acscatal.7b00086.
(37) Panagiotopoulou, P.; Kondarides, D. I. Effect of the Nature of the Support on the
Catalytic Performance of Noble Metal Catalysts for the Water-Gas Shift Reaction.
Catal. Today 2006, 112 (1–4), 49–52. https://doi.org/10.1016/j.cattod.2005.11.026.
(38) Azzam, K. G.; Babich, I. V.; Seshan, K.; Lefferts, L. A Bifunctional Catalyst for
the Single-Stage Water-Gas Shift Reaction in Fuel Cell Applications. Part 2. Roles
of the Support and Promoter on Catalyst Activity and Stability. J. Catal. 2007, 251
(1), 163–171. https://doi.org/10.1016/j.jcat.2007.07.011.

52

(39) Iida, H.; Igarashi, A. Difference in the Reaction Behavior between Pt-Re/TiO2
(Rutile) and Pt-Re/ZrO2 Catalysts for Low-Temperature Water Gas Shift
Reactions. Appl. Catal. A Gen. 2006, 303, 48–55.
https://doi.org/10.1016/j.apcata.2006.01.029.
(40) Galhenage, R. P.; Xie, K.; Yan, H.; Seuser, G. S.; Chen, D. A. Understanding the
Growth, Chemical Activity, and Cluster-Support Interactions for Pt-Re Bimetallic
Clusters on TiO2(110). J. Phys. Chem. C 2016, 120 (20), 10866–10878.
https://doi.org/10.1021/acs.jpcc.6b01041.
(41) Pesty, F.; Steinrück, H. P.; Madey, T. E. Thermal Stability of Pt Films on
TiO2(110): Evidence for Encapsulation. Surf. Sci. 1995, 339 (1–2), 83–95.
https://doi.org/10.1016/0039-6028(95)00605-2.
(42) Tenney, S. A.; Ratliff, J. S.; Roberts, C. C.; He, W.; Ammal, S. C.; Heyden, A.;
Chen, D. A. Adsorbate-Induced Changes in the Surface Composition of Bimetallic
Clusters: Pt-Au on TiO2(110). J. Phys. Chem. C 2010, 114 (49), 21652–21663.
https://doi.org/10.1021/jp108939h.
(43) Park, J. B.; Ratliff, J. S.; Ma, S.; Chen, D. A. Understanding the Reactivity of
Oxide-Supported Bimetallic Clusters: Reaction of NO with CO on TiO2(110)Supported Pt-Rh Clusters. J. Phys. Chem. C 2007, 111 (5), 2165–2176.
https://doi.org/10.1021/jp064333f.
(44) Tenney, S. A.; Xie, K.; Monnier, J. R.; Rodriguez, A.; Galhenage, R. P.; Duke, A.
S.; Chen, D. A. Novel Recirculating Loop Reactor for Studies on Model Catalysts:
CO Oxidation on Pt/TiO2(110). Rev. Sci. Instrum. 2013, 84 (10).

53

https://doi.org/10.1063/1.4824142.
(45) Galhenage, R. P.; Yan, H.; Ahsen, A. S.; Ozturk, O.; Chen, D. A. Understanding
the Growth and Chemical Activity of Co-Pt Bimetallic Clusters on TiO2(110): CO
Adsorption and Methanol Reaction. J. Phys. Chem. C 2014, 118 (31), 17773–
17786. https://doi.org/10.1021/jp505003s.
(46) Duke, A. S.; Galhenage, R. P.; Tenney, S. A.; Sutter, P.; Chen, D. A. In Situ
Studies of Carbon Monoxide Oxidation on Platinum and Platinum − Rhenium
Alloy Surfaces. 2015. https://doi.org/10.1021/jp509725n.
(47) Chen, D. a.; Bartelt, M. C.; Hwang, R. Q.; McCarty, K. F. Self-Limiting Growth of
Copper Islands. Surf. Sci. 2000, 450 (1–2), 78–97. https://doi.org/10.1016/S00396028(99)01251-0.
(48) Stempel, S.; Bäumer, M.; Freund, H. J. STM Studies of Rhodium Deposits on an
Ordered Alumina Film-Resolution and Tip Effects. Surf. Sci. 1998, 402–404, 424–
427. https://doi.org/10.1016/S0039-6028(97)01052-2.
(49) Park, J. B.; Conner, S. F.; Chen, D. A. Bimetallic Pt-Au Clusters on TiO2(110):
Growth, Surface Composition, and Metal-Support Interactions. J. Phys. Chem. C
2008, 112 (14), 5490–5500. https://doi.org/10.1021/jp076027n.
(50) Tenney, S. A.; He, W.; Roberts, C. C.; Ratliff, J. S.; Shah, S. I.; Shafai, G. S.;
Turkowski, V.; Rahman, T. S.; Chen, D. A. CO-Induced Diffusion of Ni Atoms to
the Surface of Ni-Au Clusters on TiO2(110). J. Phys. Chem. C 2011, 115 (22),
11112–11123. https://doi.org/10.1021/jp2014258.

54

(51) Galhenage, R. P.; Ammal, S. C.; Yan, H.; Duke, A. S.; Tenney, S. A.; Heyden, A.;
Chen, D. A. Nucleation, Growth, and Adsorbate-Induced Changes in Composition
for Co-Au Bimetallic Clusters on TiO2. J. Phys. Chem. C 2012, 116 (46), 24616–
24629. https://doi.org/10.1021/jp307888p.
(52) Skelton, D. C.; Tobin, R. G.; Lambert, D. K.; DiMaggio, C. L.; Fisher, G. B.
Oxidation of CO on Gold-Covered Pt(335). J. Phys. Chem. B 1999, 103 (335),
964–971. https://doi.org/10.1021/jp983670o.
(53) Letort, L. M. CNRS, Laboratoire M. Letort, AssociC d l’liniversitt! De Nancy I,
B.P. 104, F-54600 Villers-Les-Nancy, France. 1987, 29, 179–193.
(54) Vitos, L.; Ruban, a. V.; Skriver, H. L.; Kollár, J. The Surface Energy of Metals.
Surf. Sci. 1998, 411 (1–2), 186–202. https://doi.org/10.1016/S00396028(98)00363-X.
(55) Geng, Z.; Jin, X.; Wang, R.; Chen, X.; Guo, Q.; Ma, Z.; Dai, D.; Fan, H.; Yang, X.
Low-Temperature Hydrogen Production via Water Conversion on Pt/TiO2. J.
Phys. Chem. C 2018, 122 (20), 10956–10962.
https://doi.org/10.1021/acs.jpcc.8b02945.
(56) Ammal, S. C.; Heyden, A. Origin of the Unique Activity of Pt/TiO2 Catalysts for
the Water-Gas Shift Reaction. J. Catal. 2013, 306, 78–90.
https://doi.org/10.1016/j.jcat.2013.06.014.
(57) Rhatigan, S.; Nolan, M. CO2 and Water Activation on Ceria Nanocluster Modified
TiO2 Rutile (110). J. Mater. Chem. A 2018, 6 (19), 9139–9152.
https://doi.org/10.1039/c8ta01270a.

55

(58) Vecchietti, J.; Bonivardi, A.; Xu, W.; Stacchiola, D.; Delgado, J. J.; Calatayud, M.;
Collins, S. E. Understanding the Role of Oxygen Vacancies in the Water Gas Shift
Reaction on Ceria-Supported Platinum Catalysts. ACS Catal. 2014, 4 (6), 2088–
2096. https://doi.org/10.1021/cs500323u.
(59) Calatayud, M.; Markovits, A.; Menetrey, M.; Mguig, B.; Minot, C. Adsorption on
Perfect and Reduced Surfaces of Metal Oxides. Catal. Today 2003, 85 (2–4), 125–
143. https://doi.org/10.1016/S0920-5861(03)00381-X.

56

CHAPTER 4

GROWTH AND CHARACTERIZATION OF PT-SN CATALYSTS FOR SELECTIVE
HYDROGENATION OF UNSATURATED ALDEHYDES
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4. 1 INTRODUCTION
Limited fossil fuel resources have stimulated great research efforts in sustainable
production of fuels and chemicals from renewable biomass. 1–9 Unsaturated aldehydes such
as furfural are among the most promising biomass platform chemicals derived from acidic
hydrolysis of hemicellulose. Selective catalytic hydrogenation of unsaturated aldehydes to
unsaturated alcohols is a highly desirable reaction due to many applications of unsaturated
alcohols in the manufacture of foundry resins, synthetic fiber, farm chemicals, adhesives
and fine chemicals.10–18 Unsaturated aldehydes such as furfural have more than one active
functional group, which can lead to many possible reaction routes during catalytic
hydrogenation; these include total hydrogenation to the alcohol, and other possible side
reactions such as decarbonylation and ring-opening reactions to alkenes as shown in Figure
4.1.11,13,17,19–25

Figure 4.1 Reaction scheme for furfural hydrogenation.
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Cu-Cr catalysts used in conventional furfural hydrogenation are not ideal due to the
toxicity of chromium and the deactivation of the catalyst either through sintering or carbon
deposition; thus, the development of Cr-free catalysts is desirable.2,17,26–28 Significant
interest has been drawn to achieve well defined bimetallic catalysts for selective
hydrogenation of furfural. Different metals such as Pt, Cu, Ni, Pd and Ir supports such as
(TiO2, ZrO2, SiO2 and CeO2) have been used to study selective hydrogenation of furfural
reaction both in vapor and in liquid phases. 10,29–37
Pure Pt is one of the most commonly used metals in hydrogenation reactions.
However monometallic Pt tends to favor hydrogenation of C=C bonds over C=O for
molecules that have both C=C and C=O bonds.37,38 In order to overcome the unsatisfactory
performance of monometallic catalysts, the development of highly selective bimetallic
catalysts has been proposed for the production of unsaturated alcohols.
Despite a number of investigations in this field, there is not an agreement on the
nature on the catalytic effect improving the selectivity and conversion. Selectivity for
furfural alcohol has been significantly improved by addition of Sn to Pt based catalysts to
form bimetallic systems.14,21,26,32,37–39 It is believed that the bi-functional nature of the PtSn catalysts allow selective hydrogenation of C=O bonds with high activity. It is well
known that Pt is active for hydrogenation40,41 while strong interactions of oxophilic Sn with
C=O will lead to preferential hydrogenation. 42,43 The TiO2 support will reduce carbon
fouling, enhancing the stability of catalysts. The choice of support can also play a vital role
for metal-based catalysts improving catalytic activity as a result of electronic and chemical
interactions. It is known that high temperature reactions under reducing conditions favor
partial coverage of Pt with titanium suboxides (TiO 2-x) due to strong metal support
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interactions (SMSI). As a result, the carbonyl oxygen atom strongly interacts with
coordinatively unsaturated titanium cations of the partially reduced support which act as
Lewis acid sites.13,21,34
The origin of the selectivity improvement for selective hydrogenation of
unsaturated aldehydes to unsaturated alcohols has been discussed in terms of alloy
formation. Studies reported that the intrinsic selectivity and activity of Pt based catalysts
can be enhanced by alloying with electropositive elements such as Sn, Fe or Co. 44–48
Selective hydrogenation of furfural is sensitive to surface crowding and associated changes
in the adsorption geometry. Specifically, changes in furfural adsorption configuration,
from tilted to planar, influence product selectivity on Pt(111) single crystals.49
DFT studies have been reported in literature to help understand the mechanism for
the furfural hydrogenation on Cu/Pd/SiO2 surfaces and predicts that aldehydes adsorb
exclusively in the ŋ1(O) configuration on pure Cu surfaces.31,50 Furfural on Pt(111) is found
to bind the surface via the aromatic ring, which facilitates C-C bond scission and ring
opening, which leads to nonselective decomposition to CO and H 2.29
In this particular study, experiments have been performed to understand the growth,
interactions and chemical compositions of model systems prepared by the vapor deposition
of Pt-Sn clusters on TiO2(110) under ultrahigh vacuum (UHV) conditions. The nucleation
and growth of Pt, Sn and Pt-Sn clusters on TiO2(110) were studied using scanning
tunneling microscopy (STM). In addition, these surfaces were characterized by X-ray
photoelectron spectroscopy (XPS) and low energy ion scattering (LEIS) techniques to
investigate electronic interactions and chemical composition. Similar characterization
studies were also performed by depositing Sn films on a Pt(111) single crystal. LEIS
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experiments were also conducted on Pt-Sn clusters grown on an inert support, highly
oriented pyrolytic graphite (HOPG), to compare with the growth on TiO 2(110).

4.2 EXPERIMENTAL SECTION
Growth and surface characterization of Pt-Sn clusters were carried out in an
ultrahigh vacuum (UHV) chamber that has previously been described in detail
elsewhere.51,52 This chamber has a base pressure below 2x10 -10 Torr and is equipped with
a number of surface analytical techniques, such as scanning tunneling microscopy (STM,
Omicron VT-25), low energy ion scattering (LEIS), X-ray photoelectron spectroscopy
(XPS), (Omicron EA 125), and Auger electron spectroscopy (AES)/ low energy electron
diffraction (LEED) system (Omicron Spec 3).
A rutile TiO2(110) crystal (Princeton Scientific Corporation, 1 cm x 1 cm x 0.1 cm)
mounted on a tantalum back plate was used as the oxide support for the growth of metal
clusters. The crystal was cleaned by Ar+ ion sputtering at 1 kV for 20 minutes. This step is
immediately followed by annealing to ~1000 K. Heating was achieved via electron
bombardment of the positively biased sample, and the temperature of the crystal was
monitored by an infrared pyrometer (Heitronics). This treatment results in a TiO2 crystal
that is sufficiently conductive for STM, XPS and LEIS experiments.
In addition, a Pt(111) single crystal (99.999%, Princeton Scientific Corporation, 8
mm diameter, 2 mm thickness) was used in which the crystal was mounted by press-fitting
two Ta wires into 1.1 mm deep slots cut into the sides of the crystal. The Pt(111) crystal
was cleaned by sputtering with 1 kV Ar+ ions for 20 minutes, followed by annealing to
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1000 K for 3 minutes by electron bombardment. The temperature of the crystal was
monitored using a Heitronics CT 18 pyrometer.
Additionally, a HOPG (SPI supplies, SPI Grade 2, 10 mm x 10 mm x 1 mm) crystal
was used for the LEIS experiments, where the crystal was mounted on a standard Omicron
Ta back plate using thin Ta foil straps. A clean HOPG surface was achieved by cleaving
the surface with adhesive tape in air before each experiment.
Physical vapor deposition was carried out with an Oxford Applied Research
(EGCO4) four pocket electron-beam evaporator using a Pt rod (ESPI, 4N, 0.08” x 1”) or
Sn pellets (ESPI, 5N purity, 1-3 mm) in a Ta crucible. A bias of +800 V was applied to the
surface during deposition in order to avoid deposition of energetic positively charged ions.
Metal flux was determined using an independently calibrated quartz crystal microbalance
(Inficon, XTM-2). The metal coverage is defined in monolayer (ML) equivalents, which
correspond to packing density of Pt(111) ( 1.50 x 1015 atoms/cm2 ) for both Pt and Sn.
STM experiments were carried out to investigate the growth and surface
morphology of Pt and Sn clusters and alloys grown on TiO2(110) and Pt(111). STM images
were collected at a constant tunneling current of 0.1-0.2 nA, and the sample was biased at
+2.3 V with respect to the STM tip for imaging on TiO2, while the crystal was biased at
+0.35 V with respect to the tip at ~4.0 nA for Pt(111). STM tips were made by
electrochemically etching a 0.38 mm diameter tungsten wire in NaOH. 53 Tips were further
conditioned by sputtering with argon ions at 3 kV and pulsing to higher voltages up to 10
V.
Low energy ion scattering (LEIS) experiments were performed with 600 eV He +
ions, and acquisition times were adjusted to minimize the damage from He+ during
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successive scans. Low energy electron diffraction (LEED) patterns were collected using
an 80 eV beam energy.

4.3 RESULTS AND DISCUSSION
Growth Studies of Sn on TiO2 (110)
Previous studies by Chen group have demonstrated growth of a variety of pure and
bimetallic clusters (Pt, Re, Au, Ni, Co) on TiO2(110) and characterized particle sizes and
size distributions by STM.54–57 Similarly, pure 0.25 ML Sn clusters were grown on
TiO2(110), as shown in Figure 4.2, with comparison of similar coverages of pure metals
Pt, Re, Ni, Co and Au on TiO2(110). However, the growth and characterization studies of
Sn were performed on a different TiO2 single crystal in comparison to all the growth studies
of other metals shown in Figure 4.2 and respective cluster height and density measurements
in Table 4.1. The admetal-titania bond strength dictates how metals such as Co, Au, Pt, Re
and Ni grow on titania. Metals that have stronger admetal O-bonds with TiO2 support tend
to form smaller cluster sizes and larger cluster densities due to shorter diffusion lengths.
Sn being an oxophilic metal resulted in strong interaction with TiO 2, which led to the
formation of smaller cluster sizes with larger cluster density compared to the highly mobile
metal of Au, which has a low affinity for oxygen.
Characterization of Pt-Sn clusters on TiO2(110)
The ability to prepare metal particles of different coverages is crucial for
understanding how metal composition, metal particle sizes and the number of interfacial
sites affect the activity. XPS experiments performed on different coverages of Sn clusters
deposited on TiO2(110) demonstrated that Sn is partially oxidized by the TiO 2. Oxidation
of Sn is clearly evident especially for lower coverages of Sn where all the deposited Sn is
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in direct contact with the TiO2(110) forming SnOx at the metal-support interface. The
second peak at 486.8 eV in the Sn(3d) region shown in Figure 4.3 corresponds to the SnOx

a

bb

c

dd

e

f

Figure 4.2: STM images of 0.25 ML of the following metals deposited at room
temperature on TiO2(110): a) Au; b) Ni; c) Pt; d) Co; d) Re and f) Sn. All
images are 1000 Å x 1000 Å.
Table 4.1. Average cluster heights and densities for 0.25 ML of metal deposited
on TiO2(110) at room temperature.
Surface

Average height (Å)

Cluster density
(clusters/cm2)

0.25 ML Au

14.3+4.1

2.39x1012

0.25 ML Ni

10.9+2.7

4.77x1012

0.25 ML Pt

6.2+2.1

1.13x1013

0.25 ML Co

5.2+1.5

1.73x1013

0.25 ML Re

3.2+1.1

2.82x1013

0.25 ML Sn

11.53+1.5

8.58x1012
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484.8 eV

SnO

x
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CPS (x10 )

486.8 eV

Binding Energy
(eV)
Figure 4.3: X-ray photoelectron spectroscopy
data of Sn(3d) region for different coverages of
Sn deposited on TiO2(110).
in comparison to the metallic Sn peak at 484.8 eV. Oxidation states of Sn4+ and Sn3+ are
hard to distinguish due to very similar binding energies, but it is possible to distinguish
Sn4+ and Sn3+ based on their different Auger peak shapes. 58 For the higher coverages of
Sn, only a fraction of deposited Sn is at the interface with the TiO 2(110) surface. As the
fraction of metallic Sn increases with Sn coverage, that gives rise to a higher binding energy
shoulder peak for SnOx. Furthermore, Figure 4.4 depicts the normalized intensity of Ti(2p)
peak, comparing the clean and 2 ML Sn deposited TiO2(110); reduction of Ti4+ is observed
as a lower binding energy shoulder upon Sn deposition. Sn is likely to be partially oxidized
by the titania, initially forming 2-dimensional islands at low coverages while more 3-
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dimensional particles containing metallic Sn form at higher coverages, as has been
observed for metals such as Re/TiO2(110).56

Normalized intensity

Clean TiO2
TiO2+2 ML Sn

Binding Energy (eV)
Figure 4.4: X-ray photoelectron
spectroscopy data of Ti(2p) region
for clean TiO2(110) (green) and 2
ML Sn deposited on TiO2(110).
(110)(red).
Figure 4.5 shows STM images for 2 ML Pt deposited on TiO 2(110) followed by 2
ML Sn. Bimetallic clusters have formed as a result of sequential deposition of Sn on top of
Pt as the initially deposited metal has provided enough nucleation sites for the second metal
growth. Due to the fact that Sn and Pt alloy at all compositions, 59 some diffusion of Sn into
the Pt particles is expected in this order of deposition. However, the amount of SnO x formed
should be small given the limited Sn-titania interface.
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a

b

Figure 4.5: STM images of a) 2 ML Pt, b) 2 ML Pt+2 ML Sn
deposited at room temperature on TiO2(110): All images are
1000 Å x 1000 Å.

The compositions of the model Pt-Sn bimetallic surfaces were characterized by
LEIS, which probes only the composition of the top monolayer of the surface compared to
XPS, which probes the first several layers of the surface. The LEIS data acquired for the
two bimetallic surfaces are shown in Figure 4.6 for 2 ML Sn+2 ML Pt and 2 ML Pt+2 ML
Sn in Figure 4.6a and 4.6b respectively. Regardless of the orders of metal deposition, both
Pt and Sn are present on the surface. In the case of 2 ML Pt deposited on top of Sn, the
number of Pt sites is 15% of than on 2 ML Pt/TiO2 based on LEIS data. In the reverse order
of deposition, number of Pt sites is 3% of than on 2 ML Pt/TiO2. This can be explained due
to the fact that Sn has lower surface free energy (0.51 J/m2) compared to Pt (2.5/m2).60,61
Due to the lower surface free energies, Sn preferentially remains at the surface whereas Pt
is more energetically favored to diffuse subsurface.
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Figure 4.6: LEIS data of a) 2 ML Sn+2 ML Pt, b) 2 ML Pt+2 ML Sn
deposited at room temperature on TiO2(110).
XPS studies were also carried out on Pt-Sn/TiO2(110) bimetallic surfaces in order
to understand metal-metal and metal-support interactions. For the Pt-Sn surfaces where Sn
is deposited on top of Pt clusters, the Pt(4f7/2) peak shifts from 70.9 eV to 71.5 eV. This
higher binding energy shift in Pt(4f7/2) is attributed to undercoordinated Pt atoms at the
surface having a lower binding energy than the fully coordinated Pt atoms in the bulk;
therefore, the presence of surface species diminishes the contribution of the lower binding
energy peak from undercoordinated Pt, resulting in an overall shift to higher binding
energies as shown in Figure 4.7a. A fraction of the Sn is oxidized at the metal-titania
interface as evident in Figure 4.7b. Strong binding of Sn to the titania support could inhibit
intermixing of the Pt and Sn atoms within the clusters, especially for the surfaces prepared
by depositing Pt on the Sn clusters.
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Figure 4.7: X-ray photoelectron spectroscopy data of a) Pt(4f) region and b)
Sn(3d) region for Pt-Sn deposited on TiO2(110).

Growth and Characterization of Sn on Pt(111)
Understanding the Pt-Sn interactions and compositions on the strongly interacting
oxide support TiO2 is complicated. Sn being an oxophilic metal resulted in strong binding
of Sn to the titania support that could inhibit intermixing of the Pt and Sn atoms within the
clusters. Therefore, an understanding of Pt-Sn interactions and compositions on strongly
interacting oxide support TiO2 brings extra complexity to isolate metal-metal interactions.
The origin of the selectivity improvement Pt-Sn system has also been discussed in terms
of alloy formation.62 Therefore, growth and surface composition characterizations were
performed by growing Sn on a Pt(111) single crystal. STM image of 1 ML Sn deposited
on to Pt(111) at room temperature (Figure 4.8a) and the subsequent annealing of the surface
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at 800 K for 1 minute (Figure 4.8b) and 1000 K for 1 minute (Figure 4.8c) clearly
demonstrate that Sn is driven subsurface upon annealing. STM images Figure 4.8b and
Figure 4.8c demonstrate atomic structures due to the formation of surface alloy. The
surface alloy formation was further supported by LEED experiments performed on the
same surface, as shown in the obtained LEED pattern in Figure 4.9. Surfaces with more Sn
rich Pt2Sn/Pt(111) monolayer alloy film was reported which exhibited a (√3x√3)R30°
superstructure with (θ=0.33) annealing around 700 K. The formation of Pt 3Sn/Pt(111)
surface alloy with (θ=0.25) was reported p(2x2) LEED pattern, which required 1000 K for
the diffusion of excess Sn into the Pt bulk according to literature. 25,63 In our work, the clean
Pt(111) crystal has a primitive (1x1) structure whereas 1 ML Sn annealed at 1000 K gives
a mixture of (2x2) (0.25 ML Sn): Red ; √3x√3R30° (0.33 ML Sn): Blue, LEED pattern
agrees with structures reported in literature in which Sn/Pt(111) alloys are known to form
these two ordered surfaces.25,59,63,64
a

b

c

Figure 4.8: STM images for a) 1 ML Sn at room temperature, b) 1 ML Sn annealed at
800 K for 1 minute, c) 1 ML Sn annealed at 1000 K for 1minute on Pt(111): All images
are 1000 Å x 1000 Å.
Both surface alloys are known to exhibit different electronic and geometric
properties compared to pure Pt.63 STM experiments reported in literature suggest a
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lowering of local density of states (LDOS) at the Fermi level. 48 This behavior is correlated
with a downshift of the d-band center and a negative polarization of Pt due to the presence
of Sn based on the density functional theory (DFT) calculations on well-defined Pt-Sn alloy
surfaces p(2x2) Pt3Sn(111) and (√3x√3)R30° Pt2Sn(111).62

Figure 4.9: LEED pattern for a) clean Pt(111), b) 1 ML Sn annealed at
1000 K for 1 minute on Pt(111).
The change in surface composition of 1 ML Sn deposited on Pt(111) was studied
using LEIS to understand the differences in surface composition of Pt-Sn as a function of
the annealing temperature. Pt single crystal is ideal for this study because there is limited
control over the composition of Pt-Sn clusters on TiO2 during annealing treatments; due to
strong metal support interactions (SMSI). SMSI occurs, when partially reducible oxides
such as TiO2, modify the chemisorption behavior of hydrogen and carbon monoxide on
metals from group 8, 9, and 10 at higher temperatures (about 773 K) under reducing
environment.21 Furthermore, this interaction was found to modify the activity and
selectivity of noble metals in different reactions that involve molecules containing carbonyl
bonds.21 Therefore, Pt(111) single crystal provides a better approach to address surface
composition studies, particularly on alloy surfaces. The surface composition of 1 ML Sn
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deposited on Pt(111) and the change in surface composition as a function of annealing
temperature is depicted in Figure 4.10. The almost complete attenuation of the Pt signal
indicates that Sn covers the Pt surface at room temperature. Sn is driven subsurface upon
annealing, although all of the surfaces contain both Pt and Sn. Therefore, the surface
concentration of each metal was determined based on the attenuation of Pt signal compared
to Pt(111), and 25% Sn at 1000 K is consistent with the observed LEED pattern, which
suggests a coverage between 0.25 and 0.33 ML.25,63
Surface Composition of Pt-Sn on HOPG
Pt-Re clusters were also grown on HOPG, to de-convolute the effects from the
strongly interacting oxide support such as TiO2. The surface composition of the bimetallic
clusters was studied using LEIS by depositing 2 ML Pt and 2 ML Sn via both orders of

3

CPS (x10 )

deposition on the freshly cleaved HOPG. LEIS experiments were conducted using a low

Kinetic Energy (eV)
Figure 4.10: LEIS data for change in surface composition of
1 ML Sn on Pt(111) upon 1 minute annealing at different
temperatures.
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He+ beam current at 25 nA to avoid damaging the surface from He+ ions. Both Pt and Sn
are present on the surface regardless of the order of deposition, and the surface free energies
dominate leaving Sn, which has the lower surface free energy, at the surface. After
annealing the surface at 600 K for 3 minutes, LEIS data was collected to understand the
change in surface composition upon annealing. The same procedure was carried out until
there was no further change in surface composition. The data shows that the surface has
reached its thermodynamically equilibrated surface composition as shown in Figure 4.11.
This confirms that, spectra collected after subsequent annealing did not appear to change
over 15 minutes. Successive scans further confirm that the surface composition was not
greatly affected by the bombardment of the He+ on the surface during the collection of the
spectra throughout the LEIS experiments.
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Figure 4.11: LEIS data for change in surface composition of a)
2 ML Sn+2 ML Pt b) 2 ML Pt+2 ML Sn on HOPG upon heat
treatment.

4.4 CONCLUSIONS
Pt-Sn model surfaces of well-defined size and metal compositions were prepared
and surfaces were used to study growth behavior and they were characterized for metalmetal, metal-support interactions. Sn clusters deposited on TiO2(110) are oxidized by
lattice oxygen from the support. Pt-Sn clusters prepared by sequential vapor deposition of
the metals on TiO2(110) are Sn-rich, regardless of the order of deposition. Metal-metal and
metal-support interactions were studied by XPS based on the oxidation state changes and
shifts in the Pt(4f), Sn(3d) and Ti(2p) binding energies. Ordered Pt-Sn alloy surfaces were
prepared by annealing Sn films on Pt(111), and the alloy structures were in accordance
with the structures reported in literature. These model surfaces will be used to study the
catalytic behavior of the Pt-Sn system for selective hydrogenation of furfural in
microreactor experiments.
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APPENDIX A. GROWTH AND OXIDATION STUDIES OF RE FILMS ON PT(111)

INTRODUCTION
In this section, scanning tunneling microscopy (STM) and X-ray photoelectron
spectroscopy (XPS) experiments were conducted in order to understand the influence of Pt
on the oxidation of Re. Re films of varying thicknesses and chemical compositions were
prepared on a Pt(111) single crystal and then surfaces were intentionally treated with O 2 at
room temperature. In addition, Pt-Re alloy surfaces were studied to understand the effect
of alloy formation on the oxidation state of Re.

EXPERIMENTAL SECTION
All the experiments of Re/Pt(111) system were carried out in an ultrahigh vacuum
(UHV) chamber that has previously been described in detail elsewhere. 1 This chamber has
a base pressure below 2 x 10-10 Torr and is capable of operating with a number of surface
analytical techniques, such as scanning tunneling microscopy (STM, Omicron VT-25), low
energy ion scattering (LEIS), X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES)/ low energy electron diffraction (LEED) (Omicron Spec 3). All the
experiments were performed using a Pt(111) single crystal (99.999%, Princeton Scientific
Corp., 8 mm diameter, 2 mm thickness) that has been mounted by press-fitting two Ta
wires into 1.1 mm deep slots cut into the sides of the crystal. The cleaning procedure for
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Pt(111) consists of Ar+ ion sputtering at 1 kV for 20 minutes, followed by annealing
to 1000 K for 3 minutes through electron bombardment from a tungsten filament with a
sample bias of +600 V. Physical vapor deposition of Re was carried out by electron-beam
heating of Re rod (ESPI, 0.08” x 1”, 99.99%) using an Oxford Applied Research EGCO4
four pocket e-beam evaporator. Re was deposited onto Pt(111) at room temperature and
500 K, and the metal flux was monitored using an independently calibrated quartz crystal
microbalance (Inficon, XTM-2). The metal coverage is defined in monolayer (ML)
equivalents which correspond to packing density of Re(0001) (1.52 x 10 15 atoms/cm2).
STM experiments were carried out to investigate the surface morphology at a
constant tunneling current of 4.0 nA and the sample was biased at + 2 V with respect to the
STM tip. STM tips were made by electrochemically etching a 0.38 mm diameter tungsten
wire in NaOH; tips were conditioned by sputtering with argon ions at 3 kV and pulsing to
higher voltages. XPS experiments were conducted at “regular” angle detection (26° offnormal) while the grazing angle experiments were conducted at a 72° off-normal with 0.02
eV resolution and pass energy of 50 eV. The XPSPeak software has been employed for
XPS peak fitting using a Shirley background and a Gaussian-Lorenztian peak shape with
an asymmetry factor.
Oxidation treatments were performed in a load lock chamber that could be isolated
from the main chamber. The sample was treated with oxygen by exposing it to 250 Torr of
oxygen gas (Matheson Gas, 99.98%) for two hours. After the oxygen exposure was
completed, the load lock chamber was pumped down overnight before the sample was
transferred back into the main chamber for post-oxidation XPS.
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RESULTS AND DISCUSSION
Growth of Re films on Pt(111)
Re films were prepared by depositing Re on Pt(111) single crystal at room
temperature and also at higher temperatures in order to obtain smoother Re films. The STM
image of Figure A.1a represents 1 ML Re film grown at room temperature and the same
coverage grown at 500 K (Figure A.1b). It is believed that the Re grows in an
approximately layer-by-layer fashion2 and 1 ML Re coverage at room temperature has
begun to form a film that covers the majority of the Pt(111) surface. There is significant
Re island growth, that is still incomplete for the first layer of Re. Film growth becomes
more disordered as more Re is deposited onto the surface. Both surfaces contain larger
number of Re islands, although there are fewer islands on the Re film deposited at 500 K,
suggesting that a more uniform film is grown at higher temperatures. However, deposition
carried out at temperatures higher than 700 K led to significant diffusion of Re into the
surface.
Pt-Re Alloy Surfaces
STM images in Figure A.2 depict a clean Pt(111) surface in comparison to a 1.9
ML Re film on Pt(111) that was annealed to 1000 K for 5 minutes. The Re islands diffused
into the surface of Pt(111) upon annealing, leaving only a few Re islands and irregularly
shaped steps.3
The near surface composition was monitored by XPS for the 1.9 ML Re film on
Pt(111), which undergoes alloy formation after annealing to 1000 K for 5 minutes as shown
in Figure A.3. XPS experiments were performed at two angles with respect to the detector;
the 72° off normal detection angle (grazing angle) is more surface sensitive compared to
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regular 26°off normal detection. The intensity of Pt(4f) signal dropped significantly by
24% and 51% for regular and grazing angle XPS after 1.9 ML Re was deposited on to
Pt(111). The drastic decrease in Pt(4f) intensity particularly, for the grazing angle XPS,
implies that the top most layers of the surface are covered with a Re film. Annealing at
1000 K caused the Pt(4f) signal for regular and grazing angle XPS to be increased by 14%
and 66% respectively, while the Re(4f) signal intensities decreased by 12% and 41%
respectively. These results suggest that Re tends to diffuse into the bulk, forming a more
Pt rich surface upon annealing due to the fact that Pt had a lower surface free energy than
Re, 2.5 J/m2 and 3.6 J/m2 respectively.4 Therefore, it is more favorable to have a Pt rich
surface than a Re surface based on thermodynamics.
The shift observed in grazing angle XPS of the Pt(4f) from 70.7 eV on the pristine
Pt(111) to 71.1 eV cannot be solely attributed to an electronic interaction between the two
metals and it is attributed to a phenomenon called surface-core level shift (SCLS). The
SCLS is a phenomenon that results from the surface atoms becoming bulk like due to
presence on adsorbates or atoms on the surface.5 The peak position of Pt(4f7/2) was shifted
from 71.1 eV to 70.9 eV after annealing to 1000 K according to more surface sensitive
grazing angle XPS spectra. The diffusion of Pt into the surface caused the binding energy
to shift to lower values. The Pt(4f7/2) peak remains above 70.7 eV due to the electronic
interaction with Re after alloy formation.
Oxidation Studies of Pt, Pt-Re alloy and Re films
Grazing angle XPS experiments were conducted on Pt(111), 1.9 ML Pt-Re alloy
and 0.8 and 1.8 ML Re films to characterize the adsorption of oxygen on these surfaces
after exposure to 250 Torr of O2 for 2 hours at room temperature. The Figure A.4. depicts
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the post-oxidation XPS results for the Pt(4f) and Re(4f) regions for Pt(111) and Pt-Re alloy
surfaces. There’s no indication according to the XPS spectra for oxidation of Pt by the
oxygen treatment. However, the Pt(4f7/2) of the Pt(111) surface shifted from 70.7 to 70.9
eV after being exposed to O2 due to SCLS. The observed shift in the Re(4f7/2) peak from
40.4 to 40.6 eV is too small to be attributed to a change in oxidation state, and indicates
that Re remained in the metallic state for Pt-Re alloy surfaces. The oxidation of Re is
suppressed in Pt-Re alloy because the top-most layer of the surface is covered
predominantly by Pt, which prevents subsurface Re from being oxidized. However,
according to ambient pressure (AP)-XPS studies conducted by Duke et al., Re remained in
the metallic state up to a temperature of 450 K in 500 mTorr of O 2 although Re was
oxidized at 500 K.
The XPS experiments on Re films of 0.8 ML and 1.8 ML carried out after exposing
the films to 250 Torr of O2 at room temperature, demonstrated extensive oxidation of Re
as shown in Figure A.5. The oxidation states of Re were assigned to Re 0, Re2+, Re4+, and
Re6+ for the respective binding energies of 40.7, 41.1, 43.0-43.2 and 44.6-44.7 eV based
on the literature.6–8 The fraction of Re in the Re0 and Re2+ oxidation states increased as
more Re was deposited on the surface. The percentage of Re0 and Re2+ present on the
surface was found to increase to 57% for 0.8 ML Re and 78% for 1.8 ML Re surface. These
observed results are consistent with Re atoms in the first monolayer being oxidized by O 2
while the subsurface Re remain in the metallic state.
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CONCLUSIONS
Re was not oxidized after exposure to O2 when the deposited Re film formed an
alloy with Pt(111), because most of the Re had been driven subsurface. Therefore, Re in
the top monolayer was preferentially oxidized while the subsurface Re remained in the
metallic form.
a

b

Figure A.1: STM images of 1 ML Re films grown on Pt(111) at
a) room temperature, b) 500 K . All images are 1000 Å x 1000 Å.

a

b

Figure A.2: STM images of a) clean Pt(111) surface b) Pt(111) +
1.9 ML Re annealed to 1000 K for 5 minutes . All images are 1000
Å x 1000 Å.
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Figure A.3: XPS done at a 26° off-normal for the a) Pt(4f)
and b) Re(4f) regions following the formation of Pt-Re alloy
formation process on Pt(111). Grazing angle XPS done at a
72° off-normal for the c) Pt(4f) and d) Re(4f) regions. The
red traces correspond to the pristine Pt(111) surface, the blue
traces are the 1.9 ML Re surface, and the green traces
represent the 1.9 ML Re surface annealed to 1000 K for 5
minutes.

Figure A.4: XPS of a) Re(4f) and b) Pt(4f) region of a Pt(111)
and a 1.9 ML Re/Pt(111) surface annealed to 1000 K before,
purple and red traces respectively, and after exposure to 250
Torr O2, yellow-orange and blue traces respectively. All XPS
measurements were conducted at 72° off-normal.
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Figure A.5: XPS of Re(4f) pre and post exposure to 250 Torr
O2 for 2 hours for the a) 0.8 ML Re and b) 1.8 ML Re films
deposited on Pt(111).
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